ABSTRACT
INTRODUCTION
The endothelium has emerged as the key regulator of vascular function. Disturbances in endothelial function precede the development of atherosclerotic lesions and accelerate the occurrence of clinical complications (7). Accumulating evidence indicates that circulating endothelial progenitor cells (EPC) play an important role in the maintenance and repair of the endothelium. These cells are recruited from the bone marrow, circulate in the peripheral blood 4 The aim of the present study was to assess whether a single bout of exercise can alter the number of circulating EPC in the absence of vascular disease and whether this effect is related to their lipid profile. Additionally, we looked further into possible mediators of this effect, namely, NO bioavailability and the release of VEGF. predicted value (VO 2 peak%). Subjects were encouraged to exercise until exhaustion and all of them performed a maximal test according to the identification of the anaerobic threshold (Vslope method) (2) .
Laboratory measurements

Flow cytometric analysis of progenitor cells
Fasting venous blood was collected in Acid Citrate Dextrose tubes and processed within 4 hours of collection. FITC-labelled anti-CD34 and PerCP-labelled anti-CD3 were obtained from BD Pharmingen, PE-labelled anti-kinase domain receptor (KDR) from R&D systems and incubation was performed following the manufacturer's instructions. Draq 5 (Biostatus) was used as a nuclear stain. All samples were pre-treated with Fc receptor blocking reagent (Miltenyi Biotec) for 15 minutes at room temperature to prevent non-specific binding of antibodies.
The gating strategy for group 1 samples was as follows (Fig 1) : peripheral blood mononuclear cells (PBMC) were isolated by density gradient centrifugation from 40 ml blood with Lymphosep (MP Biomedicals) and subsequently, CD34+ cells were immunomagnetically separated using a MiniMacs CD34 separation kit (Miltenyi Biotec). Purity levels ranged from 33.3 -65%. These CD34+ cells were analysed for the co-expression of KDR after exclusion of cell aggregates and non nucleated cells. For the calculation of the absolute number of CD34+/KDR+ cells/ml blood, the content of CD34+ cells in whole, peripheral blood was analysed using anti-CD34-FITC antibody. Starting from this number, the absolute number of CD34/KDR+ cells could be deducted, thereby taking the purity levels of CD34 isolation into account.
For the analysis of the samples of group 2 (Fig 2) , 200 Ml of whole blood was incubated with anti-KDR-PE and anti-CD34-FITC. After lysis of the erythrocytes with a fixative-free erythrocyte lysis reagent containing ammonium chloride solution (StemCell Technologies), the number of CD34+ and CD34+/KDR+ cells were analysed in the lymphocyte region.
Control stainings with isotype identical antibodies and unstained samples were performed for each sample. Samples were analysed for a minimum of 500.000 total events on a Coulter Epics XL flow cytometer (Beckman Coulter) and analysed with Cytomics RXP software (Beckman Coulter Inc). The percentage of positive cells was converted into absolute numbers of cells/ml using the white blood cell (WBC) count and the percentages of lymphocytes and monocytes obtained from an automated cell counter (ADVIA 2120, Bayer).
The intra-observer reproducibility was excellent for the two methods with an intra-class correlation coefficient of 0.97 for method 1 and 0.87 for method 2.
Colony Forming Unit (CFU) assay
In group 2, PBMC were isolated from 10 ml of peripheral blood and cultured on fibronectincoated dishes (BD Biosciences) in Endocult Liquid medium (StemCell Technologies) at a density of 5 x10 6 PBMC/well. After 2 days in culture, non adherent cells were harvested and cultured for an additional 3 days at a density of 1 x 10 6 cells in a fibronectin coated 24-well culture dish. On day 5 of culture, colonies consisting of a central cluster of round cells and elongating sprouting cells at the periphery were counted manually under an inverted phase contrast microscopy by two independent investigators in a minimum of three wells. Results are expressed as mean CFU/well. The intra-class correlation coefficient calculated for the inter-observer agreement of CFU count is 0.888 (0.803 -0.938) which is evidence for the outstanding agreement between the observers.
Biochemical Assays
In both groups, fasting venous blood was collected in serum tubes for measurement of levels of total cholesterol, high-density lipoprotein (HDL) cholesterol and triglycerides. Samples were immediately centrifuged and serum was stored at -80°C for later analysis.
Measurement of serum VEGF and NO levels
Serum NO metabolites and VEGF levels were assessed in Group 2 subjects only. Additionally 15 healthy individuals, aged 20 to 50 years, who fulfilled the inclusion criteria were recruited to evaluate potential exercise-induced changes in NO and VEGF levels. Levels of VEGF were measured by high sensitivity colorimetric sandwich ELISA (Human VEGF Quantikine ELISA Kit, R&D Systems) with a lower detection limit of 9 pg/ml. The total NO concentration in serum, , prepared by ultrafication (14.000x g centrifugation for 30 min using filters with a 10.000 molecular weight cut-off), was measured indirectly by a colorimetric 
Statistics
Analyses were performed in SPSS for Windows version 12.0 (SPSS Inc., Chicago, IL, USA).
The normality of continuous data sets was assessed using one-sample Kolmogorov-Smirnov.
Logarithmic transformation was performed where necessary. Continuous data are presented as of predicted for both VO 2 peak and maximal workload in the 2 groups.
RESULTS
Demographic, biochemical and exercise characteristics
Number of circulating progenitor cells
In Group 1, the absolute number of circulating CD34+/KDR+ cells increased with 76% following a single exercise bout (15.4 ± 10.7 cells/ml vs. 27.2 ± 13.7 cells/ml, p= 0.01). A similar change was detected in Group 2, with a 69% increase in CD34+/KDR+ cells (30.9 ± 14.6 cells/ml vs. 52.5 ± 42.6 cells/ml, p= 0.03) (Fig 3a) . Despite the significant increase in total white blood cell count induced by exercise (Table 2) , the increase in CD34+ cells/ml (39% in group 1; 8% in group 2, Fig 3b) was smaller than the increase in CD34+/KDR+ cells (76% in group 1: 69% in group 2), suggesting a shift in the total CD34+ pool towards CD34+/KDR+ cells.
Relation of exercise-induced increase in progenitor cells with cardiovascular risk factors
The observed exercise-induced increase in CD34+/KDR+ cells correlated positively with both LDL cholesterol and total cholesterol/HDL cholesterol ratio. This finding was consistent in the two study groups (Fig 4) . In group 1, a negative correlation between the increase in CD34+/KDR+ cells and both VO 2 peak and VO 2 at anaerobic threshold was present (Fig 5) .
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For age, BMI, systolic and diastolic blood pressure, no significant relations were seen (all p > 0.05) ( Table 3) .
CFU assay
The number of CFU was 11.9 ± 10.9 before and 9.0 ± 8.3 after exercise (p=0.2). No significant correlations were found between CFU numbers and exercise or biochemical parameters (all p > 0.05).
Serum VEGF and NO levels
Serum VEGF levels increased with exercise (246.9 ± 142.78 pg/dl before and 262.92 ± 160.0 pg/dl after exercise) with a strong trend towards significance (p=0.055). There was no relation between the increase in VEGF levels and the increase in circulating CD34+/KDR+ cells, cardiovascular risk factors, nor exercise capacity (all p>0.05).
Serum degradation products of the NO pathway before exercise (47.49 ± 30.85 Mmol/l) did not differ from the concentration after exercise (47.85 ± 28.68 Mmol/l; p>0.05).
DISCUSSION
The present study was designed to evaluate the effect of a single episode of exercise on the mobilisation of CD34+/KDR+ cells in healthy, well-trained individuals with a low cardiovascular risk profile. Several interesting findings emerge from this study:
1. A single maximal exercise bout in healthy subjects elicits a larger increase in CD34+/KDR+ cells than in CD34+ cells, suggesting a shift in circulating CD34+ cells towards CD34+/KDR+ cells. These findings were reproducible in 2 different cohorts using 2 different flow cytometric techniques.
2. Although still within "normal" limits, higher LDL cholesterol and higher total cholesterol/HDL cholesterol levels favour the exercise-induced increase in CD34+/KDR+ cells.
3. The observed increase in VEGF levels underscores its possible role as an EPCmobilising factor.
Endothelial integrity and repair
Impaired endothelial function precedes the development of overt atherosclerosis and has even been observed in otherwise healthy subjects presenting with a limited coronary risk profile (5; In the present study, we demonstrate that a single maximal exercise bout elicits an increase in CD34+/KDR+ cells and CD34+ cells within just 10 min of exercise. This finding was reproducible in 2 different populations, with the use of 2 different flow cytometric techniques.
However, the fact that CD34+ increased barely (39% for group 1 and 8% for group 2) in comparison to CD34+/KDR+ cells (76% for group 1 and 69% for group 2), was remarkable, suggesting a shift in circulating CD34+ cells towards CD34+/KDR+ cells.
Contrary to circulating CD34+/KDR+ EPC, the number of CFU remained unchanged after exercise and no relation was seen with lipid levels. Although CFU have been related to cardiovascular risk profile and outcome in cardiovascular patients, they have been shown to consist of a mixed population. Recently, evidence was generated that the nature of these cultured cells is different from CD34+/KDR+ EPC per se. They possess myeloid progenitor cell activity, differentiate into phagocytic macrophages and fail to form vessels in vivo. (23; 27; 28; 42) .
Despite the fact that real "pathologic" tissue ischemia is absent in healthy subjects, pushing themselves to the limits of aerobic capacity during a maximal exercise test will have resulted in a shift to anaerobic glycolytic metabolism, in addition to the generation of oxidative stress.
The latter, possibly via increased VEGF levels, might act as a trigger for EPC mobilisation.
As described by Gavin et al. (10), serum VEGF levels increase directly after exercise and remain elevated for 2h in healthy subjects. In the present population, the observed increase in VEGF concentration showed a strong trend towards significance. Since there is little data on the time course of serum VEGF regulation following a single bout of exercise, changes in VEGF levels over a larger period of time -particularly in relation to changes in circulating EPC -could provide arguments for a possible paracrine mechanism exerted by EPC and should be studied in future experiments.
Moreover, acute exercise, via higher cardiac output, increases shear stress at the level of the endothelium, which subsequently enhances eNOS activity, resulting in EPC mobilisation (1).
Despite the strong arguments for the role of eNOS upregulation and NO dependency in mediating exercise training induced EPC liberation (22), we failed to report an increase in NO bioavailability. Possible explanations include the fact that NO levels are assessed indirectly, through NO metabolites and that the assay is limited by various interfering pre-analytical (e.g. diet, deproteinization of samples) and analytical factors (e.g. contamination of nitrate in chemicals and laboratory ware). However, direct quantification of NO levels requires electron paramagnetic resonance (EPR) spectroscopy, a technique that is not readily available.
Secondly, the effect of acute exercise might be short-lived and interference with NO metabolism could well be a paracrine and local endothelial phenomenon.
There is growing evidence for an inverse relation between resting EPC numbers and cardiovascular risk (40). Inverse relations between atherogenic risk factors and circulating EPC have usually been studied at baseline and in patients at risk for cardiovascular disease.
The presented results suggest that in healthy individuals, higher lipid levels, conveying a prooxidant vascular environment, provide a stronger EPC-mobilizing stimulus. Although it seems contradictory at first glance, one could hypothesize that exercise in these individuals, characterized by an endothelium "under stress", might stimulate the generation of reactive oxidant species (ROS), thereby triggering repair mechanisms. ROS production is often evaluated in an indirect manner (12), whereas the optimal technique involves EPR spectroscopy. Future experiments will reveal whether this hypothesis can be confirmed. Of 
Limitations
The present study is limited by the small number of subjects included. However, since there is no consensus nor standard protocol for the quantification of circulating EPC, the fact that our findings were duplicated in a second population using a different flow cytometric technique is reassuring. A pure methodological comparison of the two techniques, for which a cross-over design would have been more appropriate, was beyond the scope of the study.
Secondly, the assessment of changes in EPC function following exercise would have strengthened our message since it has become clear that EPC function is equally important to EPC numbers in vascular homeostasis and angiogenesis (9).
In future studies, it would be interesting to study the time course of EPC mobilisation. One could speculate that in the presence of endothelial defects, mobilized EPC are rapidly integrated at sites of injury. Despite the fact that real tissue ischemia is absent in healthy subjects, acute exhaustive exercise might elicit vascular damage and the mobilized EPC might serve to restore vascular integrity.
Conclusions
The present study demonstrates that a single bout of exercise induces a significant shift in circulating CD34+ cells towards CD34+/KDR+ cells in healthy subjects. This response appeared to be larger in subjects with a less favourable lipid profile, which could be a physiological explanation for the well-known benefit of exercise in patients who are prone to develop or already manifest with atherosclerotic disease. 
